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Using various kinds of relativistic mean-field models as well as the quark-meson coupling
model, we study in detail the properties of neutron stars. We find that the equation of state
in SU(3) flavor symmetry can support a neutron star with mass of (1.8 ∼ 2.1)M⊙ even if
hyperons exist inside the core of a neutron star.
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1. Introduction
Recently, neutron stars with the mass around 2M⊙ (M⊙: the solar mass) have been
reported. For example, the binary millisecond pulsar, J1614-2230, has the mass of 1.97 ±
0.04M⊙ [1], and the mass of pulsar, J0348+0432, is estimated to be 2.01 ± 0.04M⊙ [2].
However, it is difficult to explain such heavy neutron stars by the equation of state (EoS)
which have been calculated in mean-field theory so far, because the degrees of freedom of
hyperons (Y ) make the EoS very soft and the maximum mass of a neutron star is thus
reduced. To solve this “hyperon puzzle”, we examine in detail the extension of SU(6) spin-
flavor symmetry based on the quark model to SU(3) flavor symmetry in determining the
couplings of the isoscalar, vector mesons to the octet baryons.
2. Relativistic Mean-Field Models and SU(3) Flavor Symmetry
We adopt the extended version of the relativistic mean-field (RMF) model which includes
not only the σ, ω and ~ρ mesons but also the strange mesons, namely the isoscalar, Lorentz
scalar (σ∗) and vector (φ) mesons. The σ∗ and φ mesons are supposed to be predominantly
composed of s¯s quarks. The Lagrangian density is thus chosen to be
L =
∑
B
ψ¯B
[
iγµ∂
µ −M∗B (σ, σ∗)− gωBγµωµ − gφBγµφµ − gρBγµ~ρµ · ~IB
]
ψB
+
1
2
(
∂µσ∂
µσ −m2σσ2
)
+
1
2
(
∂µσ
∗∂µσ∗ −m2σ∗σ∗2
)
+
1
2
m2ωωµω
µ − 1
4
WµνW
µν +
1
2
m2φφµφ
µ − 1
4
PµνP
µν +
1
2
m2ρ~ρµ · ~ρµ −
1
4
~Rµν · ~Rµν
− UNL(σ, ωµ, ~ρµ) +
∑
ℓ
ψ¯ℓ [iγµ∂
µ −mℓ]ψℓ , (1)
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Table I. Parameters for the octet-baryon masses in the QMC and CQMC models.
QMC CQMC
B aB (fm) bB a
′
B
(fm) b′
B
aB (fm) bB a
′
B
(fm) b′
B
N 0.179 1.00 — — 0.118 1.04 — —
Λ 0.172 1.00 0.220 1.00 0.122 1.09 0.290 1.00
Σ 0.177 1.00 0.223 1.00 0.184 1.02 0.277 1.15
Ξ 0.166 1.00 0.215 1.00 0.181 1.15 0.292 1.04
with Wµν = ∂µων − ∂νωµ, Pµν = ∂µφν − ∂νφµ, ~Rµν = ∂µ~ρν − ∂ν~ρµ, and ψB(ℓ) being the
baryon (lepton) field. The lepton mass is denoted by mℓ, and ~IB is the isospin matrix for
baryon B. The sum B runs over the octet baryons, N (proton and neutron), Λ, Σ+,0,− and
Ξ0,−, and the sum ℓ is for the leptons, e− and µ−. The ω-, φ- and ρ-B coupling constants
are respectively denoted by gωB , gφB and gρB . In addition, the nonlinear (NL) potential is
given by
UNL(σ, ω
µ, ~ρµ) =
1
3
g2σ
3 +
1
4
g3σ
4 − 1
4
c3 (ωµω
µ)2 − Λωρ (ωµωµ) (~ρµ · ~ρµ) . (2)
In Quantum Hadrodynamics (QHD) where the baryons are treated as point-like objects,
the effective baryon mass, M∗B , in matter is expressed as
M∗B (σ, σ
∗) =MB − gσBσ − gσ∗Bσ∗ , (3)
whereMB is the mass in vacuum, and gσB and gσ∗B are the σ- and σ
∗-B coupling constants,
respectively. In contrast, in the quark-meson coupling (QMC) and chiral quark-meson cou-
pling (CQMC) models, the coupling constants, gσB and gσ∗B , depend on the σ and σ
∗ fields,
which reflects the variation of baryon structure in matter. Thus, in-medium baryon mass can
be written as [3]
M∗B (σ, σ
∗) =MB − gσB(σ)σ − gσ∗B(σ∗)σ∗ , (4)
with the field-dependent coupling constants
gσB(σ) = gσBbB
[
1− aB
2
(gσNσ)
]
, gσ∗B(σ
∗) = gσ∗Bb
′
B
[
1− a
′
B
2
(gσ∗Λσ
∗)
]
, (5)
where gσN and gσ∗Λ are respectively the σ-N and σ
∗-Λ coupling constants at zero density,
and we introduce four parameters, aB , bB, a
′
B and b
′
B, which are tabulated in Table I. We
note that the QMC and CQMC models can mostly explain the properties of nuclear matter
around the nuclear saturation density without the NL potential.
To consider the relationship among the meson-baryon couplings, it is extremely useful
to use the SU(3)-invariant interaction Lagrangian. In this study, we focus on the isoscalar,
vector-meson (ω and φ) couplings to the octet baryons. Thus, the coupling constants in SU(3)
symmetry are expressed by
gωΛ = gωΣ =
1
1 +
√
3z tan θv
gωN , gωΞ =
1−√3z tan θv
1 +
√
3z tan θv
gωN , (6)
gφN =
√
3z − tan θv
1 +
√
3z tan θv
gωN , (7)
gφΛ = gφΣ =
− tan θv
1 +
√
3z tan θv
gωN , gφΞ = −
√
3z + tan θv
1 +
√
3z tan θv
gωN , (8)
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Fig. 1. Particle fractions, Yi, (left panel) and meson fields (right panel) in the CQMC model. The
constant mean-field values for the mesons are denoted by σ¯, ω¯, etc.
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Fig. 2. Mass-radius relations in the QMC and CQMC models (left panel) and in the FSUGold and
IU-FSU models (right panel). The shaded area shows the mass of PSR J1614-2230, 1.97±0.04M⊙ [1].
with z the coupling ratio, g8/g1, and θv the mixing angle of the vector meson. We here adopt
θv = 37.50
◦ and z = 0.1949, which are given by the Nijmegen extended-soft-core model [4].
If the ideal mixing angle, θidealv ≃ 35.26◦, and the value, z = 1/
√
6 ≃ 0.4082, are used, we
can get the usual SU(6) relations based on the quark model.
3. Numerical Results
We adopt the parameter sets of the GM1, GM3, NL3, TM1, FSUGold and IU-FSU models
as well as of the QMC and CQMC models. For more details, see Ref. [3] and references
therein. In SU(3) flavor symmetry, we readjust the coupling constants so as to reproduce the
saturation condition in the original model. To study the properties of a neutron star, we then
solve the Tolman-Oppenheimer-Volkoff equation by using the EOSs calculated both in SU(6)
and in SU(3) symmetries.
In Fig. 1, we present the particle fractions, Yi, and meson fields in the CQMC model. In
each panel, the figure (a) is for the case where only the non-strange mesons (σ, ω and ρ) are
considered in SU(6) symmetry, the figure (b) is for the case where all the mesons including
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Table II. Properties of a neutron star in SU(6) or in SU(3) symmetry. All the mesons (σ, ω, ρ,
σ∗ and φ) are considered. The neutron-star radius, Rmax (in km), the ratio of the neutron-star mass
to the solar mass, Mmax/M⊙, and the central density, nc (in fm
−3) at the maximum-mass point are
listed.
SU(6) SU(3)
Rmax Mmax/M⊙ nc Rmax Mmax/M⊙ nc
QMC 12.5 1.72 0.85 11.8 1.93 0.96
CQMC 12.6 1.84 0.84 12.1 2.08 0.90
GM1 12.7 1.86 0.82 12.2 2.14 0.87
GM3 12.1 1.63 0.93 11.4 1.85 1.05
NL3 13.1 2.07 0.78 — — —
TM1 13.1 1.72 0.77 12.5 2.03 0.86
FSUGold 11.4 1.39 1.03 11.2 1.79 1.08
IU-FSU 11.3 1.55 1.03 11.3 1.88 1.02
the σ∗ and φ are considered in SU(6) symmetry, and the figure (c) is for the case where all the
mesons are included in SU(3) symmetry. From (a) to (c) in order, the threshold density for
hyperon (Λ or Ξ0−) creation becomes higher. In SU(3) symmetry, the φ meson contributes
to the baryon interactions even at low densities because of the mixing effect.
The mass-radius relations of neutron stars in the QMC and CQMC models and in the
FSUGold and IU-FSU models are shown in Fig. 2. The inclusion of the strange mesons
makes the EOS stiff, and the maximum neutron-star mass is thus pushed upwards (from (a)
to (b)). Furthermore, the extension from SU(6) to SU(3) symmetry plays an important role
in supporting a heavy neutron star (compare (b) with (c)).
The properties of a neutron star in SU(6) or in SU(3) symmetry are listed in Table II.
The EOSs calculated by the QMC, CQMC, GM1 and TM1 in SU(3) symmetry can explain
the mass of PSR J1614-2230, 1.97±0.04M⊙ [1]. In the NL3 model with SU(3) symmetry, the
nucleon mass becomes negative before the neutron-star mass reaches the maximum point.
Therefore, the maximum mass in SU(3) symmetry is not given.
4. Summary
We have calculated the EOS for neutron stars, using the popular RMF models as well
as the QMC and CQMC models. As a result, We have found that the models except GM3,
FSUGold and IU-FSU can explain the masses of J1614-2230 and/or J0348+0432 in SU(3)
symmetry. The extension from SU(6) to SU(3) symmetry and the strange vector meson, φ,
are very significant in sustaining massive neutron stars. In addition, the variation of baryon
structure in matter helps prevent the collapse of a neutron star.
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